Toll-like receptor 3 (TLR3) is a pattern-recognition receptor known to initiate an innate immune response when stimulated by double-stranded RNA (dsRNA). Components of TLR3 signaling, including TIR domain-containing adapter inducing IFN-a (TRIF), have been demonstrated to contribute to dsRNA-induced cell death through caspase-8 and receptor interacting protein (RIP)1 in various human cancer cells. We provide here a detailed analysis of the caspase-8 activating machinery triggered in response to Poly(I:C) dsRNA. Engagement of TLR3 by dsRNA in both type I and type II lung cancer cells induces the formation of an atypical caspase-8-containing complex that is devoid of classical death receptors of the TNFR superfamily, but instead is physically associated to TLR3. The recruitment of caspase-8 to TLR3 requires RIP1, and is negatively modulated by cellular inhibitor of apoptosis protein (cIAP)2-TNF receptor-associated factor (TRAF)2-TNFR-associated death domain (TRADD) ubiquitin ligase complex, which regulates RIP1 ubiquitination. Intriguingly, unlike Fas-or TRAILR-dependent death signaling, caspase-8 recruitment and activation within the TLR3 death-signaling complex appears not to be stringently dependent on Fas-associated with death domain (FADD). Our findings uncover a novel aspect of the molecular mechanisms involved during apoptosis induced by the innate immune receptor TLR3 in cancer cells.
TLR3 is a pattern-recognition receptor that triggers an innate immune response in the presence of dsRNA released during viral infections and possibly endogenous mRNA freed by damaged tissues. 3 Upon dsRNA binding, TLR3 dimerization and reorientation of its Toll-IL-1-receptor (TIR) cytoplasmic domain leads to the recruitment of the adapter molecule TIR domain-containing adapter inducing IFN-a (TRIF), which recruits TNF receptor-associated factor (TRAF)-6 and the receptor interacting protein (RIP)-1 serine-threonine kinase for the activation of NF-kB, and/or TRAF3 for the activation of IFN regulatory factor 3 and the IFN-a response. 3 Microscopy analysis revealed that TLR3 and TRIF transiently colocalize in response to Poly(I:C) before the formation of the TRIF signaling complex. 4 However, whether or not TLR3 takes part of the TRIF signalosome remains undetermined. In addition, we and others have recently demonstrated that TLR3 can trigger caspase-8-dependent apoptosis in human cancers. [5] [6] [7] Related to this proapoptotic function, we also found that TLR3 expressed by breast cancer cells is a biomarker for the therapeutic efficacy of dsRNA. 8 Unlike classical death receptors (DRs), TLR3 lacks a death domain (DD) and thus the molecular basis of dsRNA-triggered apoptosis through caspase-8 remains an open question although recent reports indicate that TRIF and RIP1 are required for Poly(I:C) to engage the apoptotic machinery. 5, 9, 10 Earlier experiments already suggested that a TRIF/RIP1/ caspase-8 complex may have some relevance as ectopic transfection of TRIF induced its binding RIP1 through its C-terminal RIP homotypic interaction motif (RHIM) 11 but also triggered apoptosis in a caspase-8-dependent manner. 12, 13 Conversely, cellular inhibitor of apoptosis protein (cIAP)1 and cIAP2 have been described as negative regulators of TLR3-induced apoptosis. 7, 9, 10 These E3 ubiquitin ligases were recently shown to inhibit the spontaneous formation of a molecular complex termed 'Ripoptosome', containing caspase-8, caspase-10, FADD, cFLIP, and RIP1 that associates with TRIF after Poly(I:C) stimulation. 10, 14 While formation of this complex clearly involves TLR3 signaling, evidence of the molecular assembly of this machinery to TLR3 is lacking.
Identifying such a novel complex would be highly relevant to the understanding of the molecular events involved in Poly(I:C)-triggered apoptosis as TRIF is also known to interact with the dsRNA sensor helicases complex DDX1-DDX21-DHX36 15 , and with the RIGI and MDA5 adapter VISA (also known as IPS-1) 16 to signal innate immune responses. Our results clearly demonstrate that TLR3-induced cell death requires the formation of a novel complex containing TLR3 and caspase-8, and proceeds through apoptosis. Recruitment and activation of caspase-8 to TLR3, in human cancer cells, requires RIP1 and is negatively modulated by cIAPs.
Results
Poly(I:C) dsRNA induces apoptosis in NSCLC cells via the TLR3/TRIF pathway. Several NSCLC cell lines were screened for their response to Poly(I:C) at concentrations ranging from 1 mg/ml up to 100 mg/ml. Some of them showed significant reduction in cell viability (NCI-H1703, NCI-H292, SK-MES-1, and NCI-H596) while others were less (SW900 and NCI-H520) or not sensitive (NCI-H661), even when exposed for up to 72 h ( Figure 1a and Supplementary Figure S1a and unpublished data). Cell viability reduction by Poly(I:C) was dose-dependent and associated with the appearance of cell death characterized by propidium iodide (PI) incorporation and cell-surface annexin V binding (Figures 1a and b , and Supplementary Figures S1a and S1b). Two sensitive cell lines (NCI-H1703 and NCI-H292) were chosen for further characterization. Annexin V staining was also dose-dependent ( Figure 1b) and became detectable after 4 h of Poly(I:C) treatment (Supplementary Figure S1c) . Electron microscopy of Poly(I:C)-treated NCI-H292 (Supplementary Figure S1d) and NCI-H1703 cells (data not shown) showed typical features of apoptosis, including membrane blebbing, karyorrhexis, pyknosis, and organelle condensation. Moreover, the complete prevention of annexin V and PI staining after pre-treatment with the broad-spectrum caspase inhibitor Z-VAD, and the absence of protective effect of the RIP1 kinase inhibitor necrostatin-1 17 indicate that Poly(I:C) kills NSCLC cancer cells through caspase-dependent apoptosis, without participation of necroptosis (Figure 1c) .
Efficient silencing of PKR, RIG-I, and MDA5 with specific siRNA (Figure 1d ) failed to protect NSCLC cells from Poly(I:C)-induced cytotoxicity (Figures 1e and f) . In contrast, siRNAs targeting either TLR3 or TRIF (the only known adapter for TLR3) (Figure 1g , and Supplementary Figure S2 ) suppressed Poly(I:C)-induced apoptosis and increased cell viability (Figures 1e and h) . Moreover, consistent with the requirement for endosome acidification for TLR3 signaling, the V-ATPase inhibitor bafilomycin-A1 inhibited Poly(I:C)-induced apoptosis (Supplementary Figure S1e) . Noteworthy, in the presence of Z-VAD, TLR3 activation induced NF-kB-and ISRE-dependent transcription, as shown by luciferase reporter activities (Supplementary Figure S1f) , which were blocked by TLR3 siRNA (unpublished data). We conclude that Poly(I:C) can both activate the innate immune response and kill cancer cells through the TLR3/TRIF signaling pathway.
TLR3 activation triggers apoptosis through the extrinsic pathway. In line with annexin V staining (Supplementary Figure S1c) , activation of caspase-8 (p43/p41 and p18 fragments) and caspase-3 (p20, p17, and p12 fragments) was detected by western blot 2 h after addition of Poly(I:C) in both cell lines, and coincided with the cleavage of Bid and PARP (Figure 2a ). Caspase-9 was also activated, as shown by the appearance of its p37/p35 fragments (Figure 2a ), but to a much lower extent in NCI-H292 as compared with NCI-H1703 cells.
Caspase-8 siRNA abrogated apoptosis in both cell lines, whereas caspase-9 knockdown only partially protected NCI-H1703 cells and failed to rescue NCI-H292 cells (Figures 2b  and c) . In line with a dominant role for caspase-8, overexpression of the FLICE-like inhibitory protein (FLIP L ) protected both cell lines (Figures 2d-f) . Overexpression of Bcl-xL or Bcl-2 inhibited both TLR3-and TRAIL receptordependent apoptosis in NCI-H1703 cells, but had no effect in NCI-H292 (Figures 2d-f) , indicative that NCI-H1703 and NCI-H292 cells are type II and type I cells, respectively. Collectively, these data show that caspase-8 is the main initiator caspase involved in TLR3-triggered apoptosis in our model.
Activation of TLR3 induces the formation of a caspase-8-activating DISC-like complex independently of classical DRs. We then investigated the possibility that a deathinducing signaling complex (DISC)-like might occur after Poly(I:C) treatment. Size-exclusion chromatography showed that full-length and cleaved caspase-8 shifted to high molecular weight fractions 2 h after TLR3 activation (Supplementary Figure S3) . Moreover, caspase-8 physically associated with FADD, caspase-10 (only expressed in NCI-H292 cells), and FLIP L after Poly(I:C) treatment (Figure 3a) . Caspase-8 immunoprecipitates showed progressive processing of caspase-10 and FLIP L , as described in Fas-and TRAIL receptor-associated DISCs. 18, 19 We then asked whether TLR3 triggered apoptosis directly or through the secondary activation of other DRs. NCI-H1703 (resistant to Fas) and NCI-H292 (resistant to TNF-a) cells were not protected by blocking antibodies targeting TRAIL, TNF-a, or Fas (Supplementary Figure S4a) . In addition, suppression of TNFRI expression with siRNA did not protect the cells (Supplementary Figures S4b and S4c) , confirming that this receptor was not involved at any level in TLR3-caspase-8 death complex is regulated by RIP1 Y Estornes et al Poly(I:C)-triggered cell death. Consistently, neither Fas, or DR4/DR5, nor TNFRI was associated with caspase-8 after TLR3 activation (Figure 3b ).
Both TRIF and TLR3 associate with caspase-8 after Poly(I:C) stimulation. As DRs are not involved in the formation of the caspase-8-containing death complex, we wondered whether TRIF and TLR3 were present in the caspase-8 immunoprecipitates after Poly(I:C) stimulation. Interestingly, we found that both TRIF and TLR3 physically associated with caspase-8 as early as 10 min and up to 6 h after Poly(I:C) addition (Figure 4a ). To confirm that TLR3 and TRIF interact physically with this DISC-like complex, TRIF was immunoprecipitated after addition of Poly(I:C) 20 became visible (Figure 4b ). However, this cleaved product could not be detected in caspase-8 immunoprecipitates (unpublished data) likely because the TRIF antibody used here recognizes residues located at the N-Ter side of the reported caspase cleavage sites (D281 and D289), 20 whereas the TIR and RHIM domains are on the C-Ter side. Therefore, our data suggest that TRIF is cleaved in the TLR3 signaling complex, and that the generated N-Ter fragment does not remain associated with caspase-8. Taken together, our data indicate that Poly(I:C) triggers the formation of a TLR3-to-caspase 8 complex independent of classical DRs.
RIP1 is required for the formation of the caspase-8-containing complex and undergoes post-translational modifications. RIP1 is known to contribute to the TLR3 inflammatory signaling through its ability to interact with TRIF.
11 By co-immunoprecipitation experiments, we first confirmed that RIP1 associates with TRIF upon TLR3 engagement in our cell lines (Supplementary Figure S5) . Interestingly, we found that RIP1 not only associates with caspase-8 after Poly(I:C) addition (Figure 5a ) but is required for apoptosis triggering as inactivation of RIP1 expression using siRNAs suppressed almost completely TLR3-mediated apoptosis ( Figure 5b ). Moreover, RIP1 depletion impaired caspase-8 activation and prevented the recruitment of caspase-8 to TLR3 and TRIF, and its association with FADD ( Figure 5c ). Beside the 78-kDa full-length RIP1 associated with caspase-8 in this complex, a 43-kDa band was observed that could correspond to a caspase-8-dependent cleaved product of RIP1, as reported for TNFRI, 21 as this band was enriched in the caspase-8 immunoprecipitates (Figure 5a ), and as it was not detected after Z-VAD pretreatment (Supplementary Figure S6) . Moreover, caspase-8-associated RIP1 also showed several post-translational modifications suggestive of polyubiquitination (Figure 5a ), similar to those observed for TRIF-associated RIP1 (Supplementary Figure S5) , and to those required for NF-kB activation by TLR3 11 or by TNFRI. [22] [23] [24] Indeed, using an anti-ubiquitin antibody, we demonstrated that these high molecular weight forms of RIP1 corresponded to ubiquitinated RIP1 (Figure 5d ). Addition of Z-VAD increased the detection of the full-length and ubiquitinated RIP1 associated with caspase-8, probably by blocking caspase-8 activation and subsequent complex destabilization ( Figure 5d and Supplementary Figure S6) . Altogether, our data indicate that RIP1 is required to recruit caspase-8 to TLR3, and that the ubiquitination level of RIP1 could regulate TLR3-mediated apoptosis.
The ubiquitin ligase complex TRADD-TRAF2-cIAPs negatively regulates TLR3-triggered apoptosis. Similar to TNFRI, 25 TLR3-mediated apoptosis was increased when TRAF2 (for NCI-H292 cells), cIAP2, or TRADD expressions were knocked-down (Figures 6b and c) . Moreover, pretreatment with the small-molecule inhibitor of apoptosis protein-antagonist BV6, which triggers a rapid and specific cIAP1/2 degradation (Figure 6e and Varfolomeev et al. 25 ), drastically sensitized NSCLC cell lines not only to TNF-abut also to TLR3-induced apoptosis (Figure 6d ).
cIAPs-mediated RIP1 ubiquitination negatively regulates TLR3-to-caspase 8 death complex formation and apoptosis. We hypothesized that RIP1 ubiquitination might modulate caspase-8 recruitment as reported for TNFRI. 26 Using RIP1 siRNA, Z-VAD, and/or necrostatin-1, we first For TLR3 immunoblot, we used a new monoclonal antibody (named TLR3.2 mAb) that we have generated and validated for its specificity against human TLR3 (Supplementary Figure S2) . We detected a 72-kDa band corresponding to the recently described C-terminal fragment of TLR3 (Ewald et al. 40 and unpublished data). (h) NCI-H1703 and NCI-H292 cells were transfected with siNS, siTLR3, or siTRIF, and exposed to 100 mg/ml Poly(I:C) for 6 h. The percentage of annexin V þ and PI þ cells was measured. *Po0.05 compared with siNS-treated cells plus Poly(I:C); error bars represent S.E.M. of three independent experiments TLR3-caspase-8 death complex is regulated by RIP1 Y Estornes et al checked that cell death triggered by the combination of Poly(I:C) plus BV6 still required RIP1 (Figure 7a ), remained strictly apoptotic, and could not proceed through necroptosis, respectively (Supplementary Figure S8) . When combined with Poly(I:C) stimulation, loss of cIAPs led to a decrease of RIP1 ubiquitination, and enhanced the association of full-length RIP1 with caspase-8, leading to increased RIP1 cleavage (Figure 7b ). Of note, inactivation of cIAPs using BV6 did not by itself induce RIP1 association with caspase-8. Quantifications of RIP1 immunoblot, by densitometric analysis, clearly indicated that the amounts of the cleaved and ubiquitinated forms of RIP1 associated with 
caspase-8 were inversely regulated after cIAPs depletion, with cleaved RIP1 becoming the major form in the complex (Figure 7c) . Interestingly, the amounts of FADD, TLR3, TRIF, TRAF2, TRADD, and cleaved caspase-10 associated with caspase-8 were also significantly increased in presence of BV6 after TLR3 activation, and caspase-8 cleavage was enhanced. Altogether, these results indicate that cIAPs negatively regulate the formation of the pro-apoptotic complex, and suggest that the inhibitory role of IAPs is probably mediated through their ubiquitin ligase activity towards RIP1.
FADD might be dispensable for TLR3-induced apoptosis.
The association of FADD with caspase-8 (Figures 3a, 5c , and 7b) suggested that FADD is required for caspase-8 recruitment to RIP1, according to the model prevailing for TNFRI. 24, 27 However, inhibition of FADD using specific siRNAs failed to prevent TLR3-mediated cell death, whereas it significantly inhibited cell death induced by TRAIL or an antiFas antibody (Figures 8a and b, respectively) . Nevertheless, TLR3-triggered death of FADD-depleted cells remained largely (NCI-H1703 cells, Figure 8c ) or exclusively (NCI-H292 cells, Figure 8d ) dependent on caspase activity, as demonstrated by the use of Z-VAD and necrostatin-1. This indicates that cell death remains essentially apoptotic and does not convert to necroptosis. Consistently, while the depletion of FADD was sufficient to prevent the appearance of caspase-8 and caspase-3 cleavage products after Fas or TRAILR stimulation, it had no significant effect on TLR3-dependent caspases processing (Figure 8e ). Taken together, these results suggest that FADD might be dispensable for the recruitment and the activation of caspase-8 in the TLR3-dependent death complex.
Discussion
Our results provide the first evidences that TLR3, like Fas or TRAILR, can engage the extrinsic apoptotic machinery through the recruitment of caspase-8 to itself. We propose that dsRNAmediated TLR3 dimerization induces TRIF binding to TLR3 through TIR homotypic interaction allowing recruitment of RIP1 and other components of TNFR machinery, including caspase-8, to trigger apoptosis. Recently, another group has demonstrated that loss of cIAPs in HaCat keratinocytes is enough to lead to the formation of a molecular platform termed 'Ripoptosome', which contains RIP1, FADD, cFLIP, caspase-10, and caspase-8, and which can associate with TRIF after Poly(I:C) stimulation to drive either apoptosis or necroptosis. 10 Requirement for TLR3 was also revealed using siRNA approaches, but interaction of the Ripoptosome with TLR3 in a native complex was lacking. Extending those findings, our results not only unravel the direct binding of a similar machinery to TLR3 but also demonstrate that triggering of a death-signaling complex by stimulation with Poly(I:C) can occur in the absence of depletion of cIAPs or inactivation of proteins involved in survival such as NF-kB and c-FLIP. The presence of RIP1, FADD, cFLIP, and caspase-8 in the complex described here may indicate that the Ripoptosome is recruited to TRIF-TLR3 to signal cell death. However, as we have no indication of Ripoptosome assembling in our cells in the absence of cIAPs, our data rather suggest that the death-signaling complex forms sequentially in response to TLR3 activation, and that Ripoptosome formation may not be a prerequisite for caspase-8 activation and apoptosis induced by TLR3. TLR3-mediated apoptosis shows similarities and differences with previously described complexes such as those involved in TNFRI, Fas, TRAILR, and CD40 signaling. Our data strongly suggest that, similar to TNFRI, 28 RIP1 ubiquitination by cIAPs is an important level of modulation of TLR3-mediated apoptosis. Whether ubiquitination of RIP1 leads to destabilization of the pro-apoptotic complex or to inhibition of DISC component recruitment requires to be investigated as both conclusions may be drawn from our experimental data. RIP1 ubiquitination at lysine 377 by TRAF2 and cIAPs in collaboration with the ubiquitin conjugating enzyme (E2) UbcH5a determines whether TNFRI signals inflammation or cell death in sensitive cancer cells. 26, 29 The detection of TRAF2 and cIAP2 together with TRIF in TLR3 signaling complex suggests that polymerization of Lys-63-linked ubiquitin chains on RIP1 could have a similar function. This conclusion is corroborated by (i) the reduced level of ubiquitination of RIP1 in the complex and its greater association with caspase-8 in the presence of Smac mimetic and also (ii) the sensitizing effect of the knockdown of either cIAP2 or TRAF2. Along the same line, the enhancement of TLR3-triggered apoptosis when TRADD is depleted could be explained by the involvement of this adapter in the recruitment of TRAF2 to RIP1, as recently suggested for TNFRI. 30 Indeed, TRADD was shown to be required for RIP1 ubiquitination and for proper NF-kB and MAP kinase activation in response to TLR3 stimulation. 30 However, the N-Ter portion of TRIF can also bind TRAF2 directly, irrespective of TRADD. 31 Thus, as previously reported for TNFRI, 27 TRADD appears to protect cells from TLR3-triggered apoptosis through a positive regulatory function as regards RIP1 ubiquitination, although the exact mechanism of its action remains to be clarified.
Of note, the cleavage of TRIF, that is likely mediated by caspases, 20 might represent a first mechanism to limit innate immune and inflammatory genes induction, in particular during apoptosis. Moreover, the disappearance of full-length inhibition by siRNA also failed to prevent cell death. 27, 33 Several molecular mechanisms might account for such differences: (i) the stoichiometry of caspase-8/FADD proteins might be drastically different within RIP1-dependent and RIP1-independent death complex, with the low amount of FADD present after siRNA treatment still enabling the recruitment and activation of caspase-8 in the former but not in the latter; (ii) another adapter (such as FAF1 33 ) might exert a redundant function with FADD in RIP1-dependent death complex; and (iii) RIP1 might be associated directly with caspase-8 without the need for an adapter molecule, as previously observed in vitro. 34 Obviously, additional work will be required to fully understand the apparent insensitivity of TLR3-triggered apoptosis, and more generally of RIP1-dependent cell death, to FADD depletion.
TLR3 also signals inflammation in normal bronchial and nasopharyngeal epithelial cells that, however, appear insensitive to poly(I:C)-induced apoptosis, even in the presence of Smac mimetic (our unpublished data and Friboulet et al.
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). Thus, cIAPmediated RIP1 ubiquitination alone is unlikely to explain resistance to TLR3-triggered apoptosis in normal epithelial cells. Rather, ubiquitination of RIP1 may be considered as a timing device, preventing excessive caspase-8 activation, allowing cell fate decision, similar to c-FLIP and NF-kB activation after TNFRI stimulation. 24, 35 The molecular mechanisms governing the balance between apoptosis and inflammation in cancer cells remains to be fully elucidated, but the selective cytotoxicity and the ability of TLR3 to induce apoptosis independent of the p53 status -H1703 and NCI-H292 cell lines used in our study possess a mutated and wild-type p53, respectively (IARC TP53 database) and R1 proteins, respectively, that confer resistance to TNF-a-or Poly(I:C)-induced apoptosis by directly interacting with RIP1. 36, 37 Thus, our findings could also be of particular relevance for the control of virus replication and virus-associated pathologies such as encephalitis. -1) , exposed to 100 mg/ml Poly(I:C) for 6 h, and the percentage of annexin V þ and PI þ cells was measured. *Po0.05; error bars represent S.E.M. of three independent experiments. (e) siNS-or siFADD no. 9-transfected NCI-H1703 (left panels) and NCI-H292 (right panels) were treated for increasing times with 100 mg/ml Poly(I:C) or for 2 h with 200 ng/ml TRAIL (for NCI-H1703 cells) or for 2 h with 200 ng/ml Fas Ab (for NCI-H292 cells). The cells were then lysed and immunoblotted as indicated. Arrows and arrowheads indicate full-length and cleaved proteins, respectively. *Indicates nonspecific band More generally, our findings demonstrate that TLR3, much like TNFRI, 24 can transmit death signal through caspase-8. However, contrary to TNFRI, caspase-8 appears to be physically linked to TLR3 through TRIF/RIP1. Given that other TLRs are also able to trigger apoptosis, 38 and that caspase-8 has also non-apoptotic functions, 39 it is tempting to speculate that related platforms may assemble upon stimulation of these TLRs, for the triggering of apoptosis, but also for the regulation of non-apoptotic signaling activities. Further studies will be required to fully address these questions.
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